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anocomposite materials have been shown to have advanced properties relative to conventional bulk polymeric systems; 1 however, in almost all cases, the nanoscopic elements are randomly distributed; there has only been limited success in fabricating nanocomposites in which the nanoconstituent is arranged in a regular fashion. 2 Explicit control of the arrangement of matter in a nanocomposite material is important for both optical and electrical applications due to the fact that electrical and optical properties are very sensitive to the nanoscale arrangement of matter. It remains a major challenge to efficiently assemble nanosized inorganic species into the complex, hierarchical structures often required for optically and electrically functional materials. Rigorous spatial control of materials in two dimensions can be achieved by many methods including nanoimprint lithography, 3 microcontact printing, 4 and e-beam writing, 5 but extending this to three dimensions usually involves time-consuming multistep processing. Other techniques which can add structure to a nanocomposite system, including shear, 6 and external electric 7 or magnetic 8 fields require either inorganic moieties that lack translational symmetry or the use of a structured matrix, such as a block copolymer. 9 However, there is now promising evidence that a one-step holographic method can be used to spatially control the position of nanoparticles within a three-dimensional polymer nanocomposite.
Several years ago, Vaia et al. demonstrated the formation of polymer nanocomposites containing periodic layers of 5 nm gold nanoparticles, 260 nm polystyrene spheres, and clays. 10 Other groups have assembled zirconia, 11Ϫ13 titania, 12, 14, 15 doped LaPO 4 , 16 silica, 17, 18 semiconductor, 19 and zeolite 20, 21 nanoparticles via holography. In all cases, nanoparticles are added into a mixture of monomer, photoinitiator, and co-initiator. Upon holographic illumination, the photoinitiator in the regions of high intensity forms radicals which initiate polymerization. Polymerization decreases the concentration of the monomers in the high intensity regions causing a net flux of monomers into that region. As the monomers react, the unreactive, mobile species move into the regions of low intensity (Figure 1 ). This movement of the monomers toward regions of constructive interference and nanoparticles toward regions of destructive interference was shown experimentally by Tomita and Suzuki. 22, 23 Tomita and Suzuki's phase shift measurement 22, 23 shows clearly that the nanoparticles move into the low-intensity *Address correspondence to pbraun@illinois.edu.
regions and monomer moves into the regions of high intensity. The mechanism for nanoparticle movement, however, is unclear. Possible reasons for nanoparticle transport include nanoparticle phase separation as monomer is polymerized, monomer transport into the polymerizing regions leading to sequestration of the nanoparticles into the low intensity regions (conservation of volume), and diffusion-limited mass transport in a matrix containing a gradient of polymerization kinetics. To determine the dominant mechanism, it is necessary to quantitatively determine the final nanoparticle positions as a function of exposure geometry, exposure time, exposure power density, grating periodicity, particle size, and nanoparticle concentration. Although a number of materials systems have been demonstrated via this method, the majority of the reports to date have only used diffraction efficiency to estimate the positions of nanoparticles within the photopolymer. However, Goldenberg et al. showed that the diffraction efficiency was not always a good predictor of nanoparticle sequestration. 24 In only a few systems have measurements of the spatially varying nanoparticle concentration been obtained, 16, 20, 25, 26 and only rarely have realspace images been obtained with sufficient resolution to show individual nanoparticles. 10, 24 In the work reported here, diffraction measurements are compared with corresponding transmission electron microscopy (TEM) micrographs to determine if the magnitude of the diffraction spots is a good predictor of nanostructure. We find that the magnitude of diffraction is altered by factors other than nanoparticle assembly, and thus only TEM was used to characterize nanoparticle assembly. We demonstrate the effect of exposure geometry, time, power density, periodicity, particle size, and nanoparticle concentration on final nanoparticle positions within the photopolymer, and from this determine the primary mechanism for nanoparticle sequestration is neither nanoparticle phase separation due to conversion of monomer to polymer, nor conservation of volume as monomer diffuses into the polymerizing regions of the sample. The best nanoparticle sequestration occurred using low exposure power densities, short periodicities, and the smaller nanoparticles. Exposure time and nanoparticle concentration did not have a large effect on the final nanoparticle assembly. These results indicate that nanoparticle segregation is a diffusionlimited nanoparticle transport process, most likely driven by gradients in polymerization kinetics under holographic illumination, and guided by StokesϪEinstein dynamics.
RESULTS AND DISCUSSION
A study of the fundamental mechanism for the holographic nanoparticle assembly required development of a silica nanoparticle containing system that would not aggregate under the various experimental conditions. Previous systems incorporating mixtures of multifunctional and monofunctional acrylates such as SR399 and isooctylacrylate were considered, 16 but the unfunctionalized 25 nm silica nanoparticles aggregated in these systems. The other system developed by Tomita was not commercially available and therefore not considered. 25 A new experimentally simple system was developed containing the monomers pentaerythritol triacrylate (PETA) and 1-vinyl-2-pyrrolidinone (NVP), silica nanoparticles, and photoinitiator. The bare silica nanoparticles disperse within the PET/NVP mixture. Figure 2a is a TEM micrograph of a sample consisting of 12.8 wt % 25 nm diameter silica particles, 44.9 wt % PETA, 38.5 wt % NVP, and 3.8 wt % photoinitiator that was polymerized by using two-beam interference from a 532 nm laser. The nanoparticle concentration has been increased to 22.7 w% silica in Figure 2b . Each sample was exposed for 300 s with each beam having a power density of 200 mW/cm 2 . High-and low-density silica nanoparticle layers are apparent, and the pitch of the layers was slightly larger than 1 m, matching the pitch of the interferogram. Diffraction Measurements. Diffraction measures the index contrast between periodic alternating layers of material. The silica particles have an index of refraction (n) of ϳ1.46, which is similar to that of the monomers, n Ϸ 1.5. With this low of an index contrast, a high intensity diffracted beam is not expected, but it is still interesting to consider if the magnitude of the diffracted beam can be used to characterize the degree of nanoparticle assembly. To determine if diffraction is a good predictor of nanoparticle assembly, the magnitude of the diffraction from the ϩ1 order and 0 order was monitored while writing the hologram into samples containing various nanoparticle concentrations, and correlated to the TEM determined nanoparticle distribution. Diffraction curves of samples containing different nanoparticle concentrations can be seen in Figure 3a . Over the first few seconds there is a rapid increase in the diffraction magnitude followed by a steady decrease, which has been attributed to slow polymerization of monomers in the darker regions of the sample. 27 We did not always see a decrease in the diffraction curve; this was the case for example when exposures were done at low power densities or with high nanoparticle concentrations (Ͼ20 wt %). Most germane to the discussion here, however, is that the magnitude of the diffraction was virtually the same for samples containing either 6.8 wt % agglomerated nanoparticles or 12.8 wt % nonagglomerated nanoparticles. The agglomerated nanoparticles do not assemble into regions of destructive interference, while the 12.8 wt % assemble as expected (Figure 3b ,c). If diffraction magnitude was a strong function of nanoparticle assembly, the diffraction curves of these two samples should be significantly different. This was not the case. The diffraction magnitude in both samples is probably caused by monomer segregation due to differences in their polymerization rates. Goldenberg et al. showed that higher fractions of monofunctional acrylate monomer are sequestered into the regions of destructive interference just as the nanoparticles are, 24 and this is probably the origin of the diffraction magnitude in our samples. To evaluate the maximum contribution of the nanoparticles to the diffraction curve, the diffraction magnitude as a function of time was recorded for a nanoparticle free sample (Figure 3a) . At most, a 10% change in diffraction magnitude can be attributed to the addition of nanoparticles. The 10% diffraction magnitude change may not even be completely due to nanoparticle assembly, as it has also been shown that the nanoparticles can promote polymer segregation as well. 24 Therefore, diffraction will not be used to characterize the assembly of nanoparticles since other non-nanoparticle effects can alter the absolute magnitude of the measurement. The shape of the diffraction curve can be used to investigate the kinetics of the photopolymerization, but the final positions of the nanoparticles should be determined by using a different approach, for example TEM.
Polymer/Nanoparticle Miscibility Mechanism. With a stable nanoparticle containing photopolymerizable system, coupled with TEM characterization, it was possible to study the fundamental mechanism for nanoparticle sequestration. One possible driving force for nanoparticle assembly is a decrease in the "miscibility" of the nanoparticles as monomer is converted to polymer. If this mechanism dominates, then a flood lit exposure is expected to show large particle aggregations. Figure 4 is a TEM image of a flood lit exposure of a sample containing 12.8 wt % 25 nm diameter silica particles, 44.9 wt % PETA, 38.5 wt % NVP, and 3.8 wt % photoinitiator that was polymerized for 300 s with one beam from a 532 nm laser with a power density of 400 mW/cm 2 . These exposure conditions were chosen to match the average power density of the sample shown in Figure 2a , so single-beam and interferometric exposures could be directly compared. There may be minor agglomerations in the silica nanoparticles of the flood-lit sample, but the density of the aggregations is not sufficient to account for the nanoparticle assembly indicating nanoparticle immiscibility is not the dominant mechanism for nanoparticle sequestration.
Although we do not attribute the primary mechanism to liquid-gel demixing, the frontal nature of the polymerization process may cause a similar type of phase separation. If a liquid-gel front moves through the sample it could essentially "sieve" the nanoparticles into the regions of low-intensity light. A flood exposure creates a uniform gelation without a liquid-gel front, so this mechanism would not result in regions of high-density particles. However, for the sinusoidal interferogram we impose on the sample, we expect the result of this mechanism to be more binary, that is, we would expect significant aggregations of nanoparticles in low-intensity light regions and almost no particles in high-intensity regions, rather than the smooth gradient in the nanoparticle density across the period seen in Figure 2 . We would also expect this mechanism to work at long length scales, which does not occur as we show later.
Monomer Transport Mechanism. Another possible mechanism for nanoparticle assembly is that nanoparticles are effectively pushed into the regions of destructive interference to conserve volume as the monomers diffuse toward the regions of high-intensity light and polymerize. To test this hypothesis, the assembly of 25 and 50 nm particles was compared. If monomer transport dominates nanoparticle assembly, and thus particle size and particle mobility are no longer important, then 25 and 50 nm particles should assemble under similar photopolymerization conditions. At an exposure power density of 400 mW/cm 2 , the 25 nm silica particles sequestered into the regions of destructive interference, but the 50 nm particles did not show any structuring ( Figure 5 ). To assemble the larger particles, the power density had to be reduced to 0.07 mW/cm 2 . This suggests nanoparticle assembly is a function of particle mobility, rather than monomer transport. If monomer transport to the polymerizing regions is not the driving force for nanoparticle assembly, then nanoparticle assembly can only occur while the viscosity of the matrix is low enough to allow particle motion. In our system, a three-dimensional network of branched polymer chains forms, leading to a point in which the matrix gels and diffusion can no longer occur. This gel point probably occurs within the first few seconds of exposure at 400 mW/cm 2 . Since the 50 nm particles move more slowly than the 25 nm particles, a longer time was needed for nanoparticle sequestration before matrix gelation. Decreasing the power density slowed the polymerization kinetics enough to allow the larger particles to assemble. Due to light scattering by the 50 nm particles, nanoparticle assembly only occurred near the surface of the sample; however, this is only a practical problem and not something that impacted our analysis. In comparing the TEM images of the 25 and 50 nm samples in Figure 5a ,b, there is an obvious change in the appearance between the high-and lowintensity regions sample. We suspect that the microtoming of the sample containing larger particles into 90 nm thick sections left holes within the destructive re- www.acsnano.org gions of the sample. The positions of the nanoparticles were measured from the TEM micrographs and plotted in Figure 5c . A quantitative understanding of the nanoparticle segregation was obtained through image analysis on each of the TEM micrographs as outlined in Figure 6 . Each nanoparticle on the micrograph was treated as a 25 or 50 nm circle, and the effective aerial particle density was measured using ImageJ and plotted against position (Figure 5c ). The samples were 90 nm thick so nanoparticles can overlap in the TEM micrograph. Overlapping particles were not counted, so the number of nanoparticles, primarily in the high-intensity regions, is artificially low. To demonstrate that the TEM micrograph in Figure 5a is representative, 5 TEM micrographs from different positions on sample a in Figure  5 are added in the Supporting Information ( Figure S1 ). Diffusion-Limited Mass Transport Mechanism. On the basis of the experiments with different size nanoparticles and the lack of aggregation under flood exposure, we suggest nanoparticle sequestration is primarily based on nanoparticle transport in a matrix containing a spatially varying gradient of polymerization kinetics. As the matrix polymerizes and gels in the high-field region, movement of nanoparticles toward that region should be greatly suppressed, while transport away from that region should remain allowed. To confirm this hypothesis, the exposure time, power density, and periodicities were varied to study the effects on the final nanoparticle assembly. Exposure times ranged from 6.75 to 300 s, the exposure power densities ranged from 1.6 to 300 mW/cm 2 , and the interferogram spacings were 0.5, 1, and 2 m.
Assuming diffusion-limited mass transport is the primary mechanism for nanoparticle assembly, exposure time should only effect nanoparticle sequestration if the laser interferogram is turned off before gelation has locked the nanoparticles in place. The effect of exposure time on the final nanoparticle positions was studied via TEM to obtain a qualitative understanding of the temporal evolution of the nanoparticle positions. Figure 7a is a TEM micrograph of a sample exposed holographically for 6.75 s. Despite the short exposure time, there are still definite high-density regions of 25 nm silica particles periodically spaced about a micrometer apart, and the overall structure is similar to a sample exposed for 300 s (Figure 7b ). The spatial distribution of nanoparticles in both images is nearly identical (Figure  7c ). The aerial particle density for Figure 7b was determined for 5 separate TEM micrographs of the same sample for a total of 10 regions of high nanoparticle density. The aerial particle density peaks at ϳ67.4% with a standard deviation of 5.75% in regions of low intensity, and 15Ϫ20% in the regions of high intensity. Most of the nanoparticle sequestration must occur in the first 6.75 s, and further increases in exposure time, despite the fact that some of the monomer has not polymerized at 6.75 s, do not have an effect on the final nanoparticle positions, supporting the hypothesis that the nanoparticle movement is driven by particle transport away from the polymerization front, and not monomer diffusing into the polymerizing region.
If nanoparticle transport away from the polymerizing regions is limited by biased Brownian motion, 28 lowering the exposure power density should slow the polymerization rate and increase the time before gelation. Therefore, samples exposed at lower power densities should have better nanoparticle sequestration. The effect of exposure power density was investigated by using interferograms with a total power density of 1.6 and 400 mW/cm 2 , Figure 7 , parts d and e, respectively. As expected, both power densities provided alternating layers of high-and low-density SiO 2 . The nanoparticle effective aerial particle density was measured as a function of position (Figure 7f ). The lower power density exposure generated a greater degree of nanoparticle sequestration as shown by the fact that there were fewer nanoparticles in the high-intensity regions. The effective aerial density of the low power density sample nearly reaches zero density in the high-intensity regions, while in the high power density sample it remains above 10%. Very few nanoparticles remained in the high-intensity regions of the lower exposure power density sample, presumably because they had time to segregate into the low-intensity regions before they were trapped by gelation of the matrix. If we assume that transport of nanoparticles is diffusion-limited, then lowering the exposure power density should slow the reaction rate and give more time for nanoparticle sequestration. As just demonstrated, when an exposure power density of 1.6 mW/ cm 2 was coupled with a long exposure time (300 s), nanoparticle assembly occurred. But if the lower exposure power density was coupled with a short exposure time, would the samples still sequester? A sample with 12.8 wt % 25 nm SiO 2 was photopolymerized at 1.6 mW/cm 2 for 6.75 s with a 1 m periodicity (Figure 8 ).
The effective aerial particle density was determined and plotted versus position. Although the sequestration was not as strong as for the sample exposed for 300 s, it is clear that nanoparticle assembly occurs rapidly even under low exposure power densities. www.acsnano.org
Finally, if the nanoparticles must move through the polymerizing matrix into the regions of low intensity, then there should be a maximum hologram periodicity after which the nanoparticles could not move the distance necessary before gelation locks them in place. Smaller periodicities should show better sequestration since the particles have the same time to diffuse a shorter distance. To test this assumption, the periodicity was reduced from about 1 m to 500 nm by increasing the angles of incidence of the interfering beams. Figure 9a is a TEM micrograph of the sample with 500 nm periodicity. Relative to samples with 1 m periodicity exposed using similar conditions (Figure 9b) there are very few nanoparticles within the constructive interference regions of the 500 nm sample. The nanoparticles in the 500 nm periodic sample had the same amount of time to move before gelation as did the 1 um periodic sample, but the silica did not have to move as far to reach the low-intensity regions. More of the nanoparticles in the sample with small periodicity were displaced to their appropriate positions before gelation locked them in place. As the periodicity was increased to 2 m (Figure 9c ), the nanoparticles did not diffuse into the low-intensity regions and the nanoparticle density does not seem to fluctuate with position.
As expected, best nanoparticle sequestration occurs at smaller periodicities.
Stokes؊Einstein Predictions. To help understand the limits of nanoparticle transport within our system, StokesϪEinstein dynamics were compared to experimental observations. The viscosity of the nanoparticle/ monomer resin before polymerization was measured at 0.07 Pa · s, using a parallel plate rheometer. Assuming that nanoparticle transport is governed by StokesϪEinstein diffusion, the diffusion constant of the nanoparticles in the photocurable resin can be estimated at 0.25 m 2 /s. The StokesϪEinstein diffusion constant was determined by:
where k B is Boltzmann's constant, T is temperature (295 K), is viscosity, and r is the radius of the nanoparticle (12.5 nm). To estimate the distance that the nanoparticles can diffuse before gelation, the following equation was used:
t is a measure of time before gelation, which was assumed to be 1Ϫ4 s, giving an estimated diffusion distance of 0.5Ϫ1 m. This is most likely greater than the actual value because it does not account for the increase in viscosity before gelation, which increases exponentially with time. 29, 30 The maximum diffusion distance observed was approximately 0.5 m (Figure 9c ), which is in reasonable agreement with the StokesϪEinstein predictions.
CONCLUSIONS
The holographically defined assembly of nanoparticleϪpolymer composites was studied using a new nanocomposite system. In this system, the magnitude of the diffraction was not a good indicator of the actual structure, so TEM imaging was used to evaluate the degree of nanoparticle assembly. The mechanism for nanoparticle movement was studied by changing exposure geometry, exposure time, exposure power density, nanoparticle size, and periodicity. The primary mechanism for nanoparticle assembly was determined to be diffusion-limited nanoparticle transport in an optically defined gradient of polymer density. This is supported by the fact that exposure time did not affect the resulting structure, while lowering exposure power density, decreasing nanoparticle size, and smaller interferogram periodicity all gave better nanoparticle sequestration. StokesϪEinstein dynamics were a good guide for determining maximum nanoparticle diffusion distances. Although the low-contrast system may not be pertinent to applications which require high diffraction efficiencies, it does explicitly highlight the relationship between the kinetics of the polymerization and the structures formed in polymerization-induced nanoparticle assembly.
METHODS
The 25 nm silica particles were prepared by mixing 240 mL of ethanol (Decon Laboratories INC, cat. no. 2701), 3 mL of deionized water, and 6 mL of ammonium hydroxide (Aldrich, cat. no. 329145). Under rapid stirring, 6 mL of tetraethyl orthosilicate (TEOS, Fluka cat. no. 86578) was added quickly into the mixture, which was left to stir for 24 h. The 50 nm silica was prepared very similarly, but the volume fractions (mL) of ethanol, DI water, ammonium hydroxide, and TEOS were changed to a volume ratio of 245:3.8:8.5:7.7, respectively. After 24 h of stirring, the silica nanoparticles were placed into 12 000 MW dialysis membranes (Fisher, cat. no. 08667E) and placed into a pure ethanol bath. This bath was changed every 5 h at least four different times to remove any excess water and ammonium hydroxide not consumed in the reaction.
The 0, 6.8, 12.8, or 22.7 wt % silica particles in ethanol were added into 0.35 g of pentaerythritol triacrylate (Aldrich, cat. no. 246794). The ethanol was rotovaped from the mixture, and immediately 0.2 g of 1-vinyl-2-pyrrolidinone (NVP, Aldrich, cat. no. V3409) was added to reduce the viscosity. The photoreactive mixture was then vortexed and sonicated in a separate container in the dark. It consisted of 0.01 g of diiodofluorescein (Aldrich, cat. no. 206806), 0.1 g of NVP, 0.01 g of 30 m glass spheres, and 0.02 g of 2,6-diisopropyl-N,N-dimethylaniline (Aldrich, cat. no. 550698). This photoreactive mixture was then added into the monomer containing the nanoparticle solution. This mixture was sandwiched between two glass slides, using 30 m glass spacers to give the syrup a uniform thickness. The mixture was exposed by using two beams from a 532 nm frequency-doubled NdYAG laser. The angle between the two beams was approximately 30°resulting in about a 1 m periodicity. The power density was set between 0.035 and 200 mW/cm 2 per beam. The time was varied from 6.75 to 300 s. To determine the magnitude of diffraction during the writing of the Bragg grating, a HeNe laser was placed normal to the sample and the power of the resulting first-order Bragg diffraction peak was measured and normalized to the zeroth-order peak. The zero-and firstorder diffraction peaks were measured and recorded every 0.25 s. Diffraction magnitude was determined by dividing the intensity of the first-order diffraction peak by the sum of the zeroand first-order peaks. The diffraction curve of the 500 nm sample was not measured as a function of time as it was trapped by total internal reflection.
Samples were cured under a white light source for at least 20 min following the exposure. After this cure, the glass slides were broken apart and the sample was coated with approximately 20 nm of gold/palladium for ease of visibility with further imaging. The samples were then embedded into a microtome mold with Epofix epoxy and microtomed into 90 nm thick sections for viewing under a Phillips CM200 transmission electron microscope.
